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ABSTRACT 

Using  Paman  spectroscopy,  the  stepwise  fonriation  of  zinc 
branide  ccarplexes  in  dimethylsulfoxide  (DMSO)  solution  has  been 
investigated.  The  presence  of  four  different  zinc-  branide 
corplexes  is  suggested  and  their  Raman  spectra  have  been  extracted. 
The  formation  constant  of  each  reaction  has  been  estimated  by  the 
application  of  factor  analysis  to  the  spectra.  The  usual  methods  of 
factor  analysis  have  been  extended  by  the  introduction  of 
constraints  inposed  by  the  equilibria. 

KEY  NCETO:  zinc  branide  corrplexes;  solvation  in  DMSO;  Raman 
spectroscqpy;  factor  analysis. 


INTBCOtXrriCN 

Professor  Ronald  J.  Gillespie  has  had  a  long  standing  interest 
in  the  shapes  of  ccpplexes  and  itiolecules.  It  is  a  pleasure  to 
dedicate  this  article  to  him  on  the  occasion  of  his  65  th  birthday. 

Ahrland  and  co-vrorkers  have  reported  the  results  of  detailed 
studies  of  metal  corplex  formation  between  Groip  IIB  metals  and 
halide  ions  in  the  dipolar  aprotic  solvent,  dimethylsulf oxide 
(DMSO)  (1-9) .  Eirphasis  was  placed  on  the  thermocfyramics  of  the 
stepwise  equilibria  and  evidence  for  structural  changes  between 
successive  corplexes.  The  solvent,  DMSO  has  been  investigated  quite 
extensively  as  a  neat  liquid  (10-12),  and  as  a  solvent  in  which 
corplex  formation  occurs.  The  ccnplexes  are  more  stable  in  DMSO 
than  in  water  because  the  former  has  a  lower  dielectric  constant 
(1,3,9)  .  The  uncoplexed  metal  cations  —  zinc,  cadmium  or  mercury 
—  are  believed  to  exist  as  octahedral  species,  the  ions  being 
solvated  via  oxygen  by  six  DMSO  molecules  (6,13,14)  .  However 
evidence  suggests  that  their  coordination  syiTmetr%*  changes  fron 
six-coordinate  octahedral  to  four-coordinate  tetrahedral  as  higher 
halide  coplexes  are  formed.  Enthalpy  and  entrcpv’  values  for  the 
cadmium  halide  system  suggest  that  a  coordination  change  occurs  at 
the  second  step  of  caplex  formation;  a  step  from  CdBr'*’  to  CdBr2 

(2) .  For  the  zinc  bromide  ccnplexes  Ahrland  et  al.  have  suggested 
the  possibility  that  the  change  occurs  at  the  first  step  of  corplex 
formation  in  IM  NH4CIO4  media;  a  step  from  Zn^"^  tc  ZnEr"*"  (4) .  In  a 

succeeding  paper  (7) ,  they  reported  that  the  step  giving  rise  to  the 
coordination  change  depends  upon  the  co-existing  salt  and  ionic 
strength  of  the  solution,  such  that  this  change  in  coordination  of 
the  zinc  bromide  caplex  might  occur  at  the  second  step  in  O.IM 


NH4CIO4  media.  Several  other  methods  such  as  (15,16)  and  X-ray 

diffraction  (17)  have  also  been  used  to  study  this  )cind  of 
phencmenon.  All  reports  support  the  view  that  the  ccnplex  finally 
fonned  —  ZnBr4^“  or  —  is  a  tetrahedral  ccnplex. 

Raman  spectroscopy  is  a  useful  tool  for  investigation  of  the 
strucdiure  of  these  ccnplexes  because  the  latter  have  Raman  active 
vibrational  modes  (18-21);  and  the  technique  is,  in  principle, 
capable  of  providing  information  about  their  geonetry.  From  the 
Raman  intensities  information  about  the  concentrations  of  each 
species  can  be  obtained  and  hence  the  stability  and  equilibrium 
constants  can  be  estimated.  This  work  was  undertaken  to  ccrplement 
rec:ent  studies  of  zinc  and  cacknium  brcmide  ccnplexes  in  water  (20, 
21)  and  to  extend  those  works  to  nonacjueous  solutions.  This  work  is 
focussed  on  zinc  bratu.de  ccnplex  formation  in  DMSO  solutions, 
especially  on  the  determination  of  the  stepwise  stability  constants 
and  the  stage  at  which  the  coordination  change  takes  place. 

experimental 

Nine  solutions  were  prepared  by  dissolving  given  amounts  of 
zinc  branide  (J.T.  Baker,  '^Baker  Analyzed”)  ZnBr2  and  different 
amounts  of  sodium  branide  (BDH,  Laboratory  Reagent)  NaBr  in  solvent 
DMSO  (BDH,  Analytical  Reagent)  SO(CH3)2.  In  order  to  pr^>are 

solutions  with  different  R  values  (the  molar  ratio  of  total  branide 
to  total  zinc)  sodium  branide  was  added.  In  the  case  of  R  <  2 . 0, 
zinc  perchlorate  (C]FS  Chemicals)  Zn  (0104)2  *  6H2O  was  used  in  place 

of  sodium  branide.  The  introduction  of  a  small  amount  of  water  is 
not  expected  to  introduce  a  serious  prcblon  as  DMSO  solvates 
zinc  (II)  much  more  strongly  than  water  does  (5,9) .  R  values  of  the 
sanple  solutions  and  their  corpositions  are  given  in  Table  1. 


Ccncentrations  are  given  in  mol  kg”^  of  CMSO. 

Sarrples  were  placed  in  glass  capillary  tubes  for  Raman 
m&asurements .  To  avoid  solvent  evaporation  the  open  end  of  the 
capillary  was  flame-sealed.  All  spectra  were  collected  at  a 
temperature  of  25®C  by  using  a  thennostatted  capillary  tube  holder. 

Raman  spectra  were  recorded  using  a  Jarrell-Ash  25-100,  1.0 
memer  Czemy-Tumer  monochromator  equipped  with  a  digital  cosecant 
stepping  drive,  an  RCA  31034  selected  photomultiplier  tube,  and  an 
SS?.  model  1105/1120  photon  counting  system.  Spectra  were  excited  by 
the  514.5  nm  line  of  a  Spectra-Physics  Ar'*’  Laser,  Model  165, 
operating  at  a  power  of  1400  nW.  The  spectrometer  was  interfaced  to 
Cocmodore-Pet  Model  2001  and  2040  ccrputers.  The  digitized  data 
were  also  analyzed  by  the  DEC-PRO  380  and  VAX  11/785  conputers, 

’jsing  procedures  such  as  spectral  band  fitting,  exponential  base¬ 
line  correction,  and  factor  analysis. 

RESULTS  AND  DISCUSSION 

Four  spectral  regions;  a)  260  to  420  an“^,  b)  800  to  1150  cm“^, 
c)  600  to  750  an”^  and  d)  150  to  230  cm~^  are  considered  below. 
aj  260  to  420  cm~^  region  of  the  Faman  spectra. 

This  region,  shown  in  Figure  1,  contains  the  symmetric  and  the 
antisymmetric  deformation  bands  of  the  carbon-sulfur-oxygen  bond  at 
362  and  333  on”^  respectively,  as  well  as  a  carbon-sulfur-carbon 
deformation  band  at  305cm”^.  No  additional  bands  were  observed  and 
the  three  bands  shov^  no  significant  change  in  band  shape  with  the 
change  in  R  value. 

b)  800  to  1150  orT^  region  of  the  Faman  spectra. 

The  bands  of  this  region  arise  frcm  the  sulfur-oxygen  vibration 
of  DMSO.  Figure  2  illustrates  the  effect  of  ccnplexing  on  the 
sulfur-oxygen  vibration  of  the  molecule  as  the  R  value 
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increases.  Solid  lines  are  the  Raman  spectra  of  each  sanple  and 
(dotted  lines  show  the  spectra  of  neat  DMSO.  Sharp  peaks  observed  at 
93C  cm"^  for  1^1. 0  and  1.5  sanples  correspond  to  the  V]^(ai) 

syrmetrical  stretching  vibration  of  perchlorate  ion.  The  shaded 
area  between  the  solid  and  the  dotted  lines  indicates  the  difference 
becween  the  spectrum  of  the  neat  solvent  and  that  of  the  sairple 
solution;  it  arises  fron  the  perturbed  sulfur-oxygen  bond,  resulting 
from  the  solvation  by  EMSO  molecules  of  the  zinc  cation  Ccf.  Ref. 6)  . 
The  decrease  in  the  shaded  area  suggests  the  decrease  in  the  amount 
of  DMSO  solvating  the  zinc  cation  as  the  brcnide  concentration 
increases.  The  sulfur-oxygen  stretching  band,  seen  in  Fig. 2  at  1042 
provides  indirect  information  for  the  zinc-DMSO  bonding.  If 
sane  interaction  occurs  between  zinc  cation  and  oxygen  of  the  DMSO 
molecule,  the  metal  cation  will  attract  the  electron  cloud  of  the 
sulfur-oxygen  bond,  and  as  a  result  reduce  the  bond  order  of  the 
sulfur-oxygen  bond.  Consequently,  the  vibrational  energy  will  be 
lowered  and  the  Raman  band  position  will  shift  to  a  lower 
wa'.’enumber.  The  evidence  for  this  shift  is  clearly  seen  at  R=1  in 
Fig. 2;  a  new  band  appears  at  1017  cm”^  (1021  cm”^in  the  solid 
solvate  (6) ) .  On  increasing  the  R  value,  obviously  there  is  seen  a 
decrease  in  the  intensity  of  this  new  band.  At  R=3.2,  the  new  peak 
no  longer  exists.  This  fact  is  interpreted  as  desolvation  of  DMSO 
from  the  solvation  sphere  of  the  zinc  cation  to  the  free  bulk  state. 
c)  600  to  750  cm~^  region  of  the  Paman  spectra. 

This  wavenumber  region  is  dcminated  by  a  symmetric  stretching 
band  at  670  cm“^  and  an  antisymnetric  stretching  band  at  700  cm~^, 
both  due  to  the  carbon-sulfur  bonding  in  the  DMSO  molecule.  Figure 
3  provides  corparison  of  the  Raman  spectra  of  the  neat  DMSO  (dotted 
lines)  and  the  DMSO/Zn2‘''-Br"  mixtures  (solid  lines) .  The  shaded 
area  iDetween  the  two  spectra  indicates  the  difference  between  the 


spectrum  of  the  neat  solvent  and  that  of  the  sanple  solution.  At 
the  lowest  R  value,  R==1.0,  two  additional  peaks  appear  at  higher 
wa'iTenurtbers,  681  and  714  (683  and  717  cm“^  in  the  solid  solvate 

(6) ) .  As  described  in  the  previous  section  the  solvation  of  zinc 
ion  by  molecules  reduces  the  bond  order  of  the  sulfur-oxygen 
bend.  This  may  cause  the  adjacent  carbon-sulfur  bond  to  aquire 
extra  electron  density  and  its  bond  strength  to  increase.  As  a 
matter  of  fact,  the  peak  wavenumber  of  the  carbon-sulfur  vibration 
shifts  to  a  higher  wavenumber.  It  is  irrportant  to  note  that  with  an 
increasing  R  value  the  intensity  of  the  shifted  peak  decreases 
considerably.  At  approximately  R=  2.8  to  3.2  these  additional 
bands  have  essentially  disappeared,  again.  This  intensity  decrease 
seems  to  be  consistent  with  the  decrease  in  the  nunber  of  DMSO 
mclecules  solvating  zinc  cation. 
d)  150  to  230  otT^  region  of  the  Raman  spectra. 

The  fourth  region  contains  the  vibrations  due  to  the  zinc 
bremide  carplexes  as  a  whole  (Figure  4) .  These  original  spectra 
contain  an  exponential  background  due  to  the  Rayleigh  scattering. 
This  background  was  subtracted  by  using  an  exponential-quadratic 
base-line  correction  program  (22,23),  to  give  Figure  5. 

Three  Raman  bands  at  197,  180  and  166  cm"^  corresponding  to 
zinc  bromide  carplexes  are  clearly  seen  in  Fig. 5.  At  the  low  R 
values  the  presence  of  an  additional  band  is  also  eipected  at  207 
ar”^.  (A  very  weak  shoulder  at  ^  176  on"^  for  R=1.0  (Fig.  4) 

corresponds  to  a  band  of  the  hexasolvate  observed  by  Sandstrom  et 
al.  (6) ) .  The  band  at  166  cm”^  is  detected  only  for  R  >  3.2.  These 
four  bands  seem  to  be  related  to  four  carplexes:  ZnEr"*",  ZnBr2, 

Zn3r3",  and  ZnBr^^”.  Ahrland  et  al.  have  reported  the  presence  of 
three  corplex  species  —  ZnBr"’’,  ZnBr2,  and  ZnBr3"  (7,8)  —  and  have 
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calculated  their  formation  constants  from  calorimetric  cJata.  When 
the  concentrations  of  the  species  are  calculated  using  their 
formation  constants#  it  is  proposed  that  the  doninant  species  at 
1^3.2  is  ZnBr3“;  this  proposed  is  consistent  with  the  fact  that  the 

Raman  spectrum  has  only  one  peak  at  180  an“^  for  the  R=3.2  sanple 
(Figs. 4  and  5) .  This  fact  allows  an  identification  of  the  bands  as 
follows:  207  (ZnBr'*’),  197  (ZnBr2)/  180  (ZnBr3“)  #  and  166  cm“^ 

(ZnBr42~)  .  The  obvious  ^pearance  of  the  166  cm~^  peak  at  R  >  3.2 
confirms  the  existence  of  the  ccnplex. 

In  order  to  isolate  the  spectrum  of  each  species  fran  the 
overlapped  spectra#  factor  analysis  was  applied  to  this  spectral 
region  after  base-line  correction.  It  was  difficult  to  obtain  the 
absolute  intensities  of  each  spectrum  from  experiments.  Thus  all 
spectra  were  normalized  assuming  the  intensity  at  180  to  be 
constant  (See  Figure  5)  ;  ZnBr3"  standard.  The  procedure  for  the 

factor  analysis  is  described  in  Appendix  A.  The  analysis  showed 
that  three  or  four  factors  are  necessary  to  reproduce  the  measured 
spectra.  The  indication  of  four  factors  (four  cerplexes)  was 
adopted#  as  this  is  consistent  with  the  existence  of  four  bands 
described  above.  In  this  case#  the  spectra  shown  the  dotted 
lines  in  Fig. 5  were  reproduced  and  are  in  good  agreement  with  the 
measured  spectra  as  shown  by  solid  lines  in  Fig. 5. 

The  extracted  spectra  of  each  pure  species  and  their 
concentration  distributions  are  shown  in  Figure  6.  The  spectrum  of 
Factor  A  and  that  of  Factor  D  show  sore  negative  Raman  intensities; 
and  this  fact  indicates  that  this  result  is  not  necessarily  correct. 
In  factor  analysis#  many  corbinations  of  spectra  and  concentration 
distributions#  namely  R  and  C  matrices  (being  introduced  in 
i^xjendix  A)  #  reproduce  the  same  spectral  data  (I) .  We  can  rotate 


the  bases  of  these  two  matrices  R  and  C,  while  keeping  their 
product  I  constant.  In  order  to  carry  out  a  meaningful  rotation  of 
the  matrix,  we  adopted  a  new  method,  called  Factor  Analysis  with 
Equilibria  Constraints  (FAEC)  described  in  Appendix  B,  which  took 
ir.oo  accoimt  information  about  the  equilibria  among  species.  As  a 
res-jlt,  the  spectrum  of  each  species  and  its  concentration  change  as 
shewn  in  Figure  7  were  ODtained.  The  spectra  of  Factors  A  and  D 
still  have  a  large  contribution  fron  the  noise  cerponent,  but  no 
longer  have  any  significant  negative  intensity.  The  formation 
constants  were  also  obtained  by  the  treatment  of  appendix  B  and  are 
tabulated  in  Table  2,  together  with  the  values  determined 
calorimetrically  (4-7) .  The  calorimetric  results  suggested  that  the 
formation  oonstants  depend  strongly  on  the  ionic  media;  for  exanple, 
in  the  case  of  IM  NH4''',  interaction  between  NH4'^  and  Br~  is 

expected.  Recognizing  such  dependence  upon  the  solution  cenposition, 
the  formation  constants  obtained  in  this  work  are  fairly  consistent 
winh  the  others.  Oir  analysis  does  not  lead  to  precise  estimates  of 
the  errors  associated  with  the  formation  constants,  other  than  the 
goodness  of  fit  to  the  original  spectra  (Fig. 5)  .  Consictering  errors 
in  baseline  construction  and  signal  noise,  uncertainties  of  +10% 
wc'uld  not  be  unreasonable.  Raman  spectroscopy  is  particularly 
valuable  for  identifying  species  and  equilibria  but  lacks  the 
precision  available  fron  such  methods  as  potenticretry  for 
quantitative  analysis. 

Distribution  curves  for  each  species  are  shown  in  Fig.  8. 

In  the  upper  panel  of  Fig. 8,  the  fractions  of  each  species  are 
plotted  versus  logarithmic  values  of  the  free  breride  concentration. 
Nine  vertical  lines  show  the  corresponding  positions  of  log  [Br~]  of 
the  sanple  solutions  used  for  this  work,  labelled  with  each  R  value. 
The  figure  indicates  that  the  predominant  equilibrium  is  between 


Zr3r2  and  ZnBr3"  in  the  range  fron  R=  2.4  to  3.2.  Qi  the  other 
hand,  v^en  log  [Br]  >  -1,  namely  [Br]  >0.1,  the  contribution  from 
the  species  ZnBr^^”  becones  inportant.  Ahrland  et  al.  reported  that 

is  negligible;  it  was  not  required  in  the  previous 
irnerpretation  of  the  calorimetric  data  (7,8)  .  Our  results,  however, 
positively  suggest  the  presence  of  .  This  ion  is  well 

characterized  in  aqueous  solutions  (20,24)  . 

Ahrland  et  al.  have  concluded  that  the  corclex  with  two  or 
mere  bronide  ions  is  tetrahedral;  but  ZuBr"*"  mi^t  be  octahedral  in 
sane  ionic  media  (7,8) .  The  ~15  cm~^  equi-interval  shift  of  Raman 
bands  of  successive  zinc  bratu.de  carplexes  to  lower  wavenumbers,  as 
shown  in  Fig.  7,  may  suggest  that  the  four  ccrtplex  species  have  the 
sane  coordination;  thus  ZnBr'*'  may  also  be  a  tetrahedral  ion,  and 
only  the  Zn^"^  solvated  ion  is  octahedral.  The  concept  that  ZnBr"^ 
has  tetrahedral  coordination  is  consistent  with  the  earlier  report 
of  Ahrland,  carried  out  in  IM  NH4CIO4  media  (4) . 

The  lower  panel  of  Fig. 8  gives  the  calculated  result  for  the 
fraction  of  DiyiSO  molecules  solvating  zinc  ion  plotted  versus  log 
[Er~] ,  assuming  that  free  Zn^"*"  ion  has  octahedral  solvation  and  all 
zinc  bronide  cenplexes  have  tetrahedral  coordination.  The  amount  of 
I>!SO  octahedrally  solvating  zinc  ion,  DMSQ^^of  Fig. 8,  rapidly 
decreases  and  becemes  almost  zero  at  R=2.8.  The  total  amount  of 
DNSO  molecules  tetrahedrally  solvating  zinc  ion,  ZMSOp  of  Fig.  8, 

increases  with  the  increase  of  the  R  value.  Carparing  Fig. 2  and 
Fig. 3  with  the  lower  panel  of  Fig. 8,  the  following  picture  can  be 
imagined:  the  DMSO  which  is  responsible  for  the  shifted  Raman 
bands,  the  shaded  parts  of  Fig. 2  and  Fig. 3,  is  octahedrally 
solvating  the  'free'  zinc  ion,  not  the  tetrahedral  species.  Thus, 
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tj-je  shaded  parts  disappear  about  R=2.8.  This  opinion  is  still 
speculative,  but  seems  to  be  reasonable  when  we  consider  that  any 
zinc  bromide  ccrplex  has  a  less  positive  central  charge  due  to  the 
effect  of  the  negative  charge  on  the  attached  bromide;  and  an 
effective  attraction  for  the  electrons  of  EKSO  by'  the  corplex 
becomes  weaker  than  in  the  case  of  the  di-chargec  free  zinc  ion.  It 
is  also  worth  noting  that  the  nexaaquozinc  ion  gave  a  Raman  signal, 
buc  not  the  orcmide^ontaining  complexes  (20)  .  Equilibria  among 

ZnBr''’,  ZnBr2,  ZnBr3“,  and  ZnBr42“  explain  all  the  properties 

of  the  Raman  spectra  observed  for  DMSO  solutions. 

In  conclusion,  the  Raman  spectra  of  DMSO  solutions 
containing  zinc  bromide  complexes  give  information  about  the 
stepwise  formation  of  the  zinc  bromide  complexes  as  well  as 
Ltformation  about  the  structure  arising  from  the  solvating  DMSO 
molecules. 

Appendix  A  General  procedure  of  Factor  Analysis 

Factor  analysis  is  a  powerful  procedure  for  the  analysis  of 
overlapped  spectra  (25-28)  .  A  data  matrix  I  is  formed  from  the 
Ranan  intensities;  in  this  work  nine  solutions  were  prepared  and  the 
intensities  of  80  wavenumber  points  were  used  for  each  spectrum. 

.All  spectra  used  were  normalized  at  180  cm”^  so  as  to  have  constant 
incensity.  The  data  matrix  I  consists  of  80  rows  and  9  columns.  E^ch 
column  corresponds  to  the  intensity  -normalized  (at  180  cm“^) 
spectrum  of  each  sample  solution.  A  second-moment  matrix  (sometimes 
called  covariance  matrix)  Z  is  detained  by  multiplication  of  the 
daca  matrix  I  with  its  transposed  matrix  "*^1. 

[i:  Z  =  I 

Using  the  Jacebi  method,  an  eigenvalue  matrix  E  and  an  eigenvector 
matrix  Q  are  obtained. 


[2]  2  ■  tQ  E  Q 

The  eigenvalue  matrix  E  will  have  the  same  number  of  rows  as  Z. 

The  number  of  independent  ccrponents  in  the  sanple  spectra,  IC,  can 
be  ctotained  fron  the  -ZTM)  function  introduced  by  Malinowski  (29)  or 
by  checking  the  original  data  matrix  I  with  the  reproduced  data 
macrix  I'  assuming  a  proper  nurrber  of  NC. 

In  the  case  of  NC  factors,  the  eigenvectors  corresponding  to 
the  NC  largest  eigenvalues  can  be  taken  out  and  aligned  in  rows  to 
construct  a  new  matrix  C,  known  as  the  first  expression  for  the 
ccncentration  matrix.  By  multiplying  the  transpose  of  the 
concentration  matrix  C  with  the  data  matrix  I  a  new  matrix  R  is 
cbnained,  which  is  known  as  the  spectral  matrix. 

[3;  R  =  I  tc 

When  the  spectral  matrix  R  is  multiplied  with  the  concentration 
manrix  C,  a  theoretical  data  matrix  is  reproduced. 

[4;  I'  »  R  c 

The  reproducibility  of  the  theoretical  data  matrix  can  be 
examined  by  calculating  the  error  function  ,  vMch  is  the  sum  of 
the  squares  of  the  differeces  of  each  element  of  two  matrices  I  and 
I'  (25)  . 

[5:  EB  =  diZj  ((Dij-  (I’)ij  (Dij 

where  (Dfj  indicates  the  element  at  i^  row  and  column  of  the 

matrix  I.  The  cptimum  nurrber  of  factors,  NC,  can  be  selected  as  the 
nurrber  v^ere  convergence  of  i2  is  observed. 

In  this  .rk  IMP  function  pressed  the  presence  of  three 
factors;  an^  '  ilL  function  proposed  three  or  four  factors  as 
independent  favors.  Fran  the  discussion  of  the  nurrber  of 
cerplexes  in  the  sanple  solutions  (see  text) ,  factor  number  NC  =  4 
was  adopted.  The  result  fron  the  IMP  function  simply  inplies  that 
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the  contribution  of  the  peak  at  207  an“^  (ZnBr'*')  to  the  observed 
Rarran  spectra  is  very  small.  As  a  resiilt,  a  spectral  matrix  R  of  80 
rows  and  four  columns,  and  a  concentration  matrix  C  of  four  rows  and 
nirje  columns  were  obtained.  Each  column  of  R  corresponds  to  the 
spectrum  of  each  constituent  as  shown  in  Fig. 6,  and  each  row  of  the 
concentration  matrix  C  corresponds  to  a  concentration  distribution 
of  chis  constituent. 

Appendix  B  Rotation  of  bases  of  R  and  C  baaed  on  the 
equilibria  among  the  species.  —  Implication  of  FAEC 
(Factor  Analysis  with  E<^ilibri\sn  constraints)  — 

The  R  and  C  matrices  sanetimes  contain  negative  values.  The 
res'jlt  of  ^mp^dix  A  is  such  a  case.  Now  the  bases  of  matrices  can 
be  rotated  to  avoid  such  negative  values. 

[6:  RQ  =  R  Tr 

[7:  CO  =  Tc  c 

If  the  rotation  matrices  and  have  the  following  relationship, 

[8:  Tr  Tc  =  U 

where  U  is  the  unit  matrix  having  unit  value  as  diagonal  elements 
and  zero  value  as  other  elenents,  the  product  of  R9  and  CP  remains 
exactly  the  same  as  I'  (Eq.  [4]) . 

We  assume  the  following  equilibrium  reaction  for  the  stepwise 
zinc  bromide  ccrplex  formation: 

[9:  +  X  =  AXni 

Then,  we  can  e^q^ress  the  stepwise  formation  constant  as  follows, 

[1C]  =  [AXj^]  /  [AXi^iJ  [X] 

where  the  relation  between  the  cumulative  stability  constant  Q.  and 
the  stepwise  formation  constant  is  expressed  as  follows, 

[11]  St  = 


iri^2  •••  ^ 


i3 

In  this  work,  we  assume  the  presence  of  four  zinc  bronide  cotplexes; 
thus  we  have  four  fL's.,  If  the  values  of  iL's  and  the  total  amount 
of  the  reagents  (zinc  ion  and  bronide  ion)  are  known,  the  real 
concentration  of  each  species  in  each  solution,  which  corresponds  to 
the  elements  of  the  true  concentration  matrix  CP,  can  be  calculated 
assuming  the  activity  coefficients  are  unity.  The  matrix  obtained 
fron  factor  analysis,  C,  can  be  related  to  this  CP  by  using  the 
proper  rotation  matrix  through  Eq.  [7] .  The  elsnents  of  the 

rotation  matrix,  T^,  can  be  obtained  by  applying  the  nonlinear  least 
squares  method  to  minimize  the  following  function  (30)  . 

[12]  L2M  =  {  ^CO)ij  -  (Tc  Oij  )2 

A  set  of  K  values  gives  one  r.SM  value.  By  iterative  refinonent  of 
K  values  so  as  to  give  a  minimum  AQVf  value,  finally  an  optimum  set 
of  K's  and  Tq  is  obtained.  Thus  the  optimum  matrices  CP  and  R9 

are  also  obtained  using  Eq.  [6] -[8].  As  a  result,  this  procedure 
produced  the  spectra  and  the  concentration  distributions  as  shown  in 
Fig.  7,  as  well  as  a  set  of  formation  constants  as  tabulated  in 
Table  2.  For  initial  values  of  the  parameters,  K_'s  ,  the 
literature  values  of  Ahrland  and  Persson  were  used  (8) . 
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Table  1  Analytical  Corpositions  of  Nine  Sanple 
solutions  with  Different  R  Values. 


R 

Zn2+ 

1.0 

0.649 

1.5 

0,786 

2.0 

0.484 

2.4 

0.517 

2.8 

0.496 

3.2 

0.466 

3.6 

0.294 

4.0 

0.406 

6.0 

0.169 

Br” 

Na"^ 

0.649 

0.000 

1.178 

0.000 

0.968 

0.000 

1.241 

0.207 

1.389 

0.397 

1.492 

0.560 

1.058 

0.470 

1.624 

0.812 

1.016 

0.678 

C104‘ 


0.649 

0.394 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 


17 


Tabla  2  Stepwise  Stability  Constants  of  Zinc 
Brordde  Corplexes  in  DMSO. 


IM  NH4+ 

O.IM  NH4+ 

IM  Na+ 

This  work 

log 

0.85 

1.86 

1.56 

1.6 

log  K2 

2.89 

3.31 

3.11 

3.2 

log  K3 

1.35 

1.98 

2.05 

2.2 

log  K4 


-0.6 


Figure  captions 

The  260  to  420  an”^  region  of  the  Paman  spectra  of 
sanples  with  the  specified  values  of  R. 

The  800  to  1150  on”^  region  of  the  Raman  spectra  of 
sanples  with  the  specified  values  of  R.  Dotted  lines  are 
Raman  spectra  of  pure  DMSO  solvent.  The  shaded  part  is 
the  difference  between  the  spectrum  of  the  sanple  and 
that  of  pure  DMSO. 

The  600  to  750  cm”^  region  of  the  Raman  spectra  of 
sanples  with  the  specified  values  of  R.  Dotted  lines  are 
Raman  specta  of  pure  DMSO  solvent.  The  shaded  part  is  the 
difference  between  the  spectrum  of  the  sanple  and  that  of 
pure  1^430. 

The  150  to  230  cm"^  region  of  the  Ranen  spectra  of 
sanples  with  the  specified  values  of  R. 

Corparison  of  normalized  Raman  spectra  (solid  line)  and 
reproduced  spectra  (dotted  line)  fran  factor  analysis. 

The  Raman  spectrum  of  each  species  and  its  concentration 
distribution  obtained  fran  factor  analysis. 

The  Raman  spectrum  of  each  species  and  its  concentration 
distribution  obtained  after  ^p)lying  the  equilibrium 
constraints  among  species. 

The  calculated  concentration  distribution  of 
zinc-containing  species  (\pper  figure)  and  the  fractions 
of  1>1S0  molecules  solvating  the  zinc-containing  species 
(lower  figure) . 
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The  800  to  1150  onT^  region  of  the  Raman  spectra  of 
sanples  vdth  the  specified  values  of  R.  Dotted  lines  axe 
Ranan  spectra  of  pure  DCO  solvent.  The  shaded  part  Is 
the  difference  between  the  ^pectrun  of  the  sanple  and 
that  of  pure  CtCO. 
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Tte  600  to  750  coT^  xegion  of  the  Banian  ^lectra  of 
sanples  with  the  ^sdfiecl  valiies  of  R.  Dotted  lines  are 
Raman  ^pecta  of  pure  UGO  solvent.  The  shaded  pajrt  is  the 
difference  between  the  spectmn  of  the  sanple  and  that  of 
pure  DGO. 
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Fig.  6  The  Raman  spectnm  of  each  species  and  its  concentration 


Hie  calculated  ccncentration  distrllxition  of 
zlnc-contalnlng  ^aecies  (vfjper  figure)  and  the  fractions 
of  QCO  nolecules  solvating  the  ziiic-containing  qpecies 
(Icuer  figure) . 
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